Wafer level compressive uniaxially strained silicon on insulator is obtained by direct wafer bonding of silicon wafers in cylindrically curved state, followed by thinning one of the wafers using the smart-cut process. The mapping of the wafer bow demonstrates the uniaxial character of the strain induced by the cylindrical bending. The interfacial properties are investigated by infrared transmission imaging, scanning acoustic microscopy, and transmission electron microscopy. UV-Raman spectroscopy is employed to determine the strain in the thin transferred layer as a function of radius of curvature of the initial bending.
Strain in silicon provides for enhanced carrier mobilities compared to the unstrained counterparts. Combining the straining of silicon with silicon on insulator technology combine mobility enhancement and reduced parasitics.
1 Biaxially strained Si ͑sSi͒ has been widely explored in the past few years due to the enhancement of carrier mobility in metaloxide-semiconductor field-effect transistors ͑MOSFETs͒.
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Unfortunately, the hole mobility improvement induced by the biaxial strain is minor in the p-type MOSFETs at large vertical electric fields. 3 However, processing-induced uniaxial channel straining at the transistor level has been shown to solve this performance problem. 4 It was found that uniaxial compressive strain on ͑001͒ wafers along the ͗110͘ directions provides for the optimized enhancement for holes. 5 For mechanically induced ultralow strain levels ͑below 0.05%͒, p-MOSFETs showed an increase in effective mobility of more than 15%. 6 It might be an advantage in the long run to induce strain globally using a wafer-bonding-based approach to uniaxial straining and possibly combining this with additional straining at the transistor level. 7 An approach on how to strain globally, i.e., on wafer level, uniaxially in tension was recently demonstrated 8 based on the concept of direct wafer bonding 9 of prestrained wafers, which was first introduced by Belford et al. 10 A highly sensitive method to study the local strain is the UV micro-Raman spectroscopy. 11 With the continuing miniaturization of the microelectronic devices, the use of short wavelength UV lasers for Raman spectroscopy has been proven to have significant advantages over the conventional visible lasers due to the short penetration depth and therefore surface-near probing of the material. 12 In this letter we report on the realization of compressive uniaxial strained silicon on insulator ͑sSOI͒ wafers by mechanically curving and direct wafer bonding of the prestrained Si wafers, followed by thinning one of the wafers by the smart-cut process. 13 The sSOI wafers were characterized by profilometry and transmission electron microscopy, while the strain in the transferred sSi layer was derived from Raman spectroscopy.
3 and 4 in. double side polished Si͑100͒ wafers were used for the experiments. The 3 in. wafers were implanted at room temperature with 150 keV H 2 + at a dose of 4 ϫ 10 16 cm −2 . On the 4 in. wafers a 300 nm thick thermal oxide was grown. Thus, a bonding of the thin and thick oxides on silicon was realized that is known to provide for a good bonding energy. 14 The concept of realizing uniaxial strain on wafer level is shown schematically in Fig. 1 . The two wafers were bent over a cylinder thereby creating a curved or bowed wafer with a strained state induced. The bending direction was parallel to the ͓110͔ direction of the wafer. The curved wafers are brought into contact via direct wafer bonding and covalent bonds across the bonded interface form upon annealing in the bent state. After releasing from the bonding machine, the implanted 3 in. wafer was thinned down by the smart-cut process to a layer thickness of ϳ600 nm. After splitting, the bonded wafer stack assumes an almost flat surface and substantial strain is transferred to the thinned Si layer. For the 3 in. wafer being the top wafer, as shown in Fig. 1 , compressive uniaxial strain is obtained. Three different radii of curvature for the bending cylinder were used: 0.5, 0.75, and 1 m. Experimental details on the bonding setup can be found elsewhere. 8 The measurements of the wafer bow were carried out using a Veeco Dektak 8 profilometer. The Raman measurements were performed by means of a LabRam HR800 UV spectrometer ͑from Horiba Jobin Yvon͒. The 325 nm emission line of a He-Cd laser was used for excitation.
The quality of the bonded interfaces was assessed by infrared ͑IR͒ transmission imaging after annealing and releasing the bonded wafers from the bonding setup. Figure  2͑a͒ shows the IR image of a typical interface for a bonded wafer pair in the bent state after annealing at 200°C for 12 h. The bonded interface was found to be void-and bubble-free over most of the wafer area, except of a few voids that were detected. These voids might be related to some particles at the wafer surfaces which could not be completely removed during the RCA cleaning process. The IR transmission imaging can detect only the macroscopic voids or bubbles ͑having a diameter of ϳ1 mm or more͒. Therefore, acoustic microscopy measurements on the bonded wafer pair were performed to detect microscopic voids ͑having diameters of a few tens of micrometers͒ at the bonded interface. An acoustic microscopy image of the bonded wafer pair ͓the same as in Fig. 2͑a͔͒ after annealing at 200°C for 12 h is shown in Fig. 2͑b͒ . This image shows some microscopic voids concentrated in the middle of the samples in the vicinity of the macroscopic bubbles observed in the IR transmission image. The rest of the bonded interface is free of microscopic voids.
After release from the bonding setup the bow of the bent wafers was measured by profilometry. In Fig. 3 a map of the bow on a 1 ϫ 1 in.
2 area for bending with 1 m radius of curvature is shown. The horizontal direction in Fig. 3 is parallel to the bending direction ͓͑1 1 0͔ wafer direction͒. It is obvious that the bow is much larger in the bending direction ͑56.2 m͒ compared to the bow in the direction perpendicular to it ͑2.4 m͒, indicating the uniaxial prestrain distribution. Similar measurements were performed after release from the bonding setup on the wafers for bending with radii of curvature of 0.75 and 0.5 m. The results are summarized in Table I . When comparing to the bow values ͑column 2 in Table I͒ which correspond to the cylinder curvature it becomes obvious that the bonded wafers keep most of the bow induced by the bending even after release from the bonding setup.
For the layer transfer using the wafer bonding and smart cut, a second annealing step was carried out at 500°C for 1 h. Upon splitting off a thin layer ͑from the 3 in. wafer͒ the bent wafer pair turns flat and a large fraction of the strain energy stored in the bent wafer pair turns into uniaxial strain in the thin split off layer. Indeed, after layer transfer by splitting, the bow measurements showed the almost complete loss of bow ͑1.5 m below remain͒ being measured on a scan of 1 in. length for the case of 1 m of radius of curvature of the cylinder.
In Fig. 4 a cross-sectional transmission electron microscopy ͑TEM͒ image of a wafer pair after splitting is shown. The bonded interface between the transferred Si and the oxide is smooth and free of any nanoscopic void. The damage region induced by implantation extends approximately between 500 and 600 nm from the surface of the Si/ SiO 2 handle wafer. In order to reduce the surface damage induced by implantation mediated splitting, the samples were dipped in a solution of tetramethyl ammonium hydroxide for 120 s after splitting prior to the Raman measurements. A final thickness of ϳ365 nm ͑indicated by the arrow in Fig. 4͒ for the transferred sSi layer was obtained after this etching process. 2 ͒ of the bow of a bonded wafer pair after release from the bending over a cylinder with 1 m radius of curvatures. The horizontal direction was parallel to the bending direction ͓͑110͔ wafer direction͒. The strain in the thin transferred Si layers was investigated by UV micro-Raman measurements. The 325 nm UV laser line used for the Raman measurements has a penetration depth of ϳ9 nm into Si. Thus the Raman spectra show the Si phonon peak coming from the transferred Si layer without any contribution to the signal from the underlying Si substrate. In Fig. 5͑a͒ the Raman spectra for the unstrained and uniaxially strained Si transferred layers are shown by continuous and dotted lines, respectively. The transfer of the unstrained Si layer was accomplished in a similar way as for the strained Si, but in this case the wafers were not bent prior to bonding. The spectrum of the strained Si corresponds to a radius of curvature of the bending cylinder of 0.5 m. For an accurate determination of the Si peak position a plasma line of the HeCd laser ͑at 854.73 cm −1 ͒ was used as a reference. The plasma lines can be used for calibration since they are caused by Rayleigh scattering and thus insensitive to strain and temperature in materials. 11 As obvious from Fig. 5͑a͒ , the Si peak of the strained Si layer is shifted by ϳ0.4 cm −1 to a higher frequency compared to the Si peak in the unstrained Si. Shifts towards higher frequencies were found for all investigated uniaxially strained Si samples.
In Fig. 5͑b͒ the dependence of the strain-induced shifts of Raman frequencies on the radii of curvature is shown by round symbols. By measuring several points on each of the wafers, the statistical deviation of the Raman frequency shifts was found to be smaller than 0.06 cm −1 . This finding is a proof of homogeneous uniaxial strain throughout the entire wafer. The strain values may be calculated from the Raman frequency peak positions. A compressive strain will result in an upward shift of the strained silicon peak compared to the peak position for unstrained Si. According to De Wolf 15 the uniaxial stress can be calculated from the Raman shift according to ͑MPa͒ = − 434 ⌬͑cm −1 ͒. ͑1͒
Considering the relation between stress ͑͒ and strain ͑͒ = / E, where E is Young's modulus ͑E ͓110͔ = 169 GPa͒, the strain can be calculated from the Raman shift as follows:
where ⌬ represents the frequency shift of the Si peak positions in cm −1 for strained Si compared to unstrained Si and is the strain in percent. The strain values were calculated from the Raman frequency shifts for the three radii of curvature used. The dependence of the strain values on the radius of curvature is shown in Fig. 5͑b͒ by squared symbols.
Silicon layers atop an oxide layer on Si uniaxially strained in compression were fabricated by wafer bonding of prestrained wafers followed by layer splitting. This method allows straining at the wafer level as proved by three dimensional profilometry. Infrared transmission, scanning acoustic microscopy, and transmission electron microscopy indicate an almost defect-free bonding interface before and after the layer splitting. The strain values, as determined from Raman spectroscopy, can be controlled by varying the curvature radius of the bending cylinder used for bending the wafers before bonding. A maximum compressive uniaxial strain of 0.1% could be obtained for a radius of curvature of 0. 
